The timing of wood formation is crucial to determine how environmental factors affect tree growth. The long-lived bristlecone pine (Pinus longaeva D. K. Bailey) is a foundation treeline species in the Great Basin of North America reaching stem ages of about 5000 years. We investigated stem cambial phenology and radial size variability to quantify the relative influence of environmental variables on bristlecone pine growth. Repeated cellular measurements and half-hourly dendrometer records were obtained during 2013 and 2014 for two high-elevation stands included in the Nevada Climate-ecohydrological Assessment Network. Daily time series of stem radial variations showed rehydration and expansion starting in late April-early May, prior to the onset of wood formation at breast height. Formation of new xylem started in June and lasted until mid-September. There were no differences in phenological timing between the two stands, or in the air and soil temperature thresholds for the onset of xylogenesis. A multiple logistic regression model highlighted a separate effect of air and soil temperature on xylogenesis, the relevance of which was modulated by the interaction with vapor pressure and soil water content. While air temperature plays a key role in cambial resumption after winter dormancy, soil thermal conditions coupled with snowpack dynamics also influence the onset of wood formation by regulating plant-soil water exchanges. Our results help build a physiological understanding of climate-growth relationships in P. longaeva, the importance of which for dendroclimatic reconstructions can hardly be overstated. In addition, environmental drivers of xylogenesis at the treeline ecotone, by controlling the growth of dominant species, ultimately determine ecosystem responses to climatic change.
Introduction
Xylogenesis, or wood formation, is a dynamic process based on different developmental stages of cellular division, expansion, deposition of secondary wall, maturation and programmed cell death ( Ursache et al. 2013) . Xylem differentiation starts from the activation of a meristematic tissue, the cambium, and involves successive phenological phases ( Cuny et al. 2014 ) controlled by interactions between intrinsic factors and environmental variables ( Plomion et al. 2001) . Even though air temperature plays a major role in defining the seasonal dynamics of xylem development, in particular at the highest elevations ( Körner 1998 ), other environmental factors, i.e., soil temperature ( Gruber et al. 2009 ), water availability ( Ren et al. 2015 ) and their interactions, may affect the timing of cambial reactivation in the spring ( Alvarez-Uria and Körner 2007) . Determining cambial phenology is a necessary step toward understanding how and when such environmental factors affect the process of annual tree-ring formation ( Gruber et al. 2009, Dufour and Morin 2013) . Knowledge of the relative influence of climatic variables on tree growth allows us to develop scenarios of vegetation response to increasing levels of stress associated with climate change, which might affect plant phenology ( Menzel et al. 2006) , species distribution ( Kelly and Goulden 2008) , forest renovation ( de Luis et al. 2011 ) and vegetation dynamics ( Callaway et al. 2002) . Climate scenarios for the southwestern USA are fraught with increased frequency and severity of drought episodes ( Cook et al. 2015) . Temperature stress and reduced water availability have contributed to largescale forest die-off ( Anderegg et al. 2013) , and mortality mechanisms have been related to interactions between hydraulic failure, carbon starvation and biotic agents ( Gaylord et al. 2015) .
Bristlecone pine (Pinus longaeva D. K. Bailey) is an iconic conifer species, reaching stem ages of about 5000 years ( Currey 1965 , LaMarche 1969 , and growing up to the treeline in semi-arid regions, such as the Great Basin mountains ( Lanner 2007 , Salzer et al. 2009 ). As a consequence of temperature rising after the last glacial maximum, the presence of bristlecone pine in the Great Basin has been reduced during the Holocene to small populations ( Wells 1983 , Charlet 2007 . However, the architecture and functional ecology of P. longaeva define the canopy structure, and its species-specific traits control ecosystem dynamics, thereby making it a foundation species of subalpine and treeline ecosystems ( Ellison et al. 2005) . Thanks to its long life span and to the persistence of deadwood, bristlecone pine has provided some of the longest annually resolved and continuous proxy records of climate and its forcing factors ( LaMarche 1978, Salzer and Hughes 2007) . Following a renewed demand for a more complete understanding of the physiological mechanisms that control the climatic response of woody species ( Fonti et al. 2010) , ongoing studies have begun to address the topographic ( Salzer et al. 2014 ) and intra-annual ( Ziaco et al. 2014a ) response of bristlecone pine to climate.
Detailed assessments of wood growth near treeline in relation to seasonal patterns of both air and soil temperature, as well as other climatic variables, are still rare ( Treml et al. 2015) . Contrasting results have been obtained for trees of different species or from various geographical provenances under specific stress regimes, each time involving an effect of air ( Rossi et al. 2007) or soil temperature ( Gruber et al. 2009) , and their indirect influence on the timing of snowmelt ( Kirdyanov et al. 2003) . Lupi et al. (2012) found no significant soil temperature-induced variations in the timing of cambial resumption in Picea mariana (Mill.) BSP, although they did not completely exclude a long-term effect of soil warming on cambial phenology. Field observations of intra-annual growth dynamics are still lacking in the western USA, despite the presence of several long-lived conifer species that have provided multi-century tree-ring chronologies used for climate reconstructions with annual resolution. In fact, the low growth rates (∼1 mm year −1 ) typical of arid and semi-arid forest stands in this region make indirect observations of intra-annual wood formation, such as dendrometer readings ( Mäkinen et al. 2003) or heat sums ( Seo et al. 2008) , unreliable for detecting the start and end of radial growth with daily accuracy.
When approaching the treeline, climate-growth relationships show high variability even at small spatial scales ( Jolly et al. 2005) . Elevation-gradient studies have revealed that bristlecone pines located ∼150 m from the upper treeline reached unprecedented growth peaks in the last few decades ( Salzer et al. 2009) . While this trend is matched by increased air temperature in PRISM climate data ( Di Luzio et al. 2008) , such datasets have been found to incorporate an instrumental bias that most likely amplified the '1981-2012 western US elevation-dependent warming by +217 to +562%' ( Oyler et al. 2015) . Thus, the need for in situ observations of environmental drivers has become even more urgent in order to allow for a physiological explanation of environmental drivers that control tree-ring formation in bristlecone pine.
We studied xylem formation of bristlecone pine in a highelevation environment using repeated cellular measurements and half-hourly dendrometer records during two consecutive years. Our objectives were (i) to determine the phenology of xylem production and (ii) to quantify the interactions between environmental factors that influence the onset of cambial activity. In particular, we tested the hypothesis that air and soil temperature determine cambial reactivation in bristlecone pine, and that the combined effect of these two thermal variables matters as much as their individual influence.
Materials and methods

Study area
Our study area is part of the Nevada Climate-ecohydrological Assessment Network (NevCAN), a system of long-term elevation transects established in 2010-13. This Great Basin mountain observatory collects data on climate variability and its effects on ecohydrological processes at sub-hourly time steps ( Mensing et al. 2013) . Each NevCAN site includes automated meteorological instruments as well as soil-moisture and tree-growth sensors. In 2011, the Subalpine West site, located on the western flank of the Snake Range (38°54′22″N, 114°18′32″W, 3355 m above sea level (a.s.l.)), was subdivided into a higher and a lower location (Figure 1 ). We performed our phenological study on two distinct groups of trees, separated by a linear distance of ∼70 m: the 'Snake Subalpine High' (SSH), close to treeline, and the 'Snake Subalpine Low' (SSL), ∼10 m lower in elevation. Both stands are characterized by a mixed-conifer vegetation with sparse to no understory, growing on a geological substrate of dolomite and limestone ( Johnson et al. 2014) . The dominant species are bristlecone pine together with Engelmann spruce (Picea engelmannii Parry ex Engelm.) and limber pine (Pinus flexilis E. James). Field reconnaissance and aerial imagery going back to 1945 show no evidence of human or natural disturbance ( Kilpatrick and Biondi 2015) .
Climatic and environmental parameters were measured by a meteorological station located between the two study sites. Hourly summaries during 2013-14 were combined to produce daily summaries of air and soil temperature, precipitation, soil moisture, solar radiation, relative air humidity and barometric air pressure (Table 1) . Daily vapor pressure deficit was calculated as the difference between saturation vapor pressure (VP sat ) and actual vapor pressure (VP), which in turn was computed according to equations 37 and 41 in Allen et al. (2005) using mean hourly values of air temperature and relative humidity.
Field collections
Wood microcores (1-2 cm long and 1 mm in diameter) were extracted from eight bristlecone pines per site. The trees had similar size and age (see Table S1 available as Supplementary Data at Tree Physiology Online), and were sampled at biweekly intervals using either a Trephor ( Rossi et al. 2006a ) or a surgical bone-marrow needle ( Dufour and Morin 2010) . The latter tool was preferred for trees equipped with automated sensors in order to minimize sampling impact. Microcore collection started in June, immediately after snowmelt, and continued until October. In accordance with established procedures, microcoring followed a spiral pattern centered at breast height (∼1.3 m from the ground), with entry points separated by ∼5 cm horizontal distance, to avoid traumatic resin ducts formed after previous samplings ( Dufour and Morin 2010) . The microcores were stored in a 50% ethanol solution, and kept refrigerated to avoid tissue deterioration. Automated point dendrometers were installed on four bristlecone pines within each group of trees to measure stem size at half-hourly intervals. Point dendrometers utilize a differential transformer to transfer stem changes (measured as the linear displacement of a sensing rod) into an electrical signal with a resolution of 4 µm over a range of 15,000 µm ( Biondi and Hartsough 2010) . For this study, stem size variations measured from October 2012 to September 2014 were smoothed to highlight the diel cycle of contraction and expansion using taskspecific software ( Deslauriers et al. 2011) , and then combined in two composite time series of cumulative stem increment, one for each group of trees.
Sample preparation and cellular measurements
In the laboratory, the microcores were dehydrated with ethanol and Protocol SAFECLEAR II, embedded in liquid paraffin and fixed in paraffin blocks. Several 7-to 10-µm-thick transversal sections were cut for each sample with a rotary microtome, and then mounted on microscope slides. Sections were stained with cresyl violet acetate (0.10% aqueous solution), and immediately analyzed under a compound microscope with ×200-400 magnification using visible and polarized light to differentiate the developing xylem cells (see Figure S1 available as Supplementary Data at Tree Physiology Online). The period of xylem production was defined by the presence of enlarging cells, and the number of cells in each maturation stage was counted along three radial files . Cambial and enlarging cells are characterized by thin primary walls, appearing as a black area under polarized light ( Gričar et al. 2006) . Under normal light, enlarging cells have a radial diameter about twice that of cambial cells ( Lupi et al. 2010 ). Wall thickening cells, which are undergoing active deposition of the secondary wall, appear purple under polarized light, while mature cells have characteristically blue walls. Cell counts were standardized by the total number of cells in the previous three rings to account for the natural variability of ring widths when samples are taken at different locations along and around the stem ( Rossi et al. 2003 ). Standardized cell counts were then averaged by tree and by site.
Phenological analysis and statistical modeling
To define the start and end dates of xylem formation, the cumulative sums of total cells, wall thickening and mature cells were interpolated with a Gompertz equation ( Rossi et al. 2003 ) using a nonlinear regression model with Marquardt iterative procedure ( Wilkinson 1997) . The Gompertz equation takes the following form:
where y is the cumulative sum of cells, A is the upper asymptote given by the total number of cells, β is the axis-placement parameter, κ represents the rate of change parameter and t is the day of the year (DOY). The onset of each phenological phase was determined when y reached one, i.e., when the first complete row of cells in a given maturation stage had appeared ( Lupi et al. 2010) . Xylogenesis ended when wall thickening cells were no longer present in the tree ring. The maximum growth rate was defined by the inflection point of the Gompertz function ( Rossi et al. 2006b ). The Gompertz function we used has proven its effectiveness for describing cellular-level growth ( Lupi et al. 2014) , and this modeling approach is required in remote mountain areas, where practical constraints (e.g., site accessibility, meteorological conditions) prevent continuous monitoring. Phenological dates (i.e., onset and end of xylogenesis) were compared between sites and years with a two-tailed t-test. Phenodates were tested for normality ( Shapiro and Wilk 1965) and homogeneity of variance (Levene's test as reported by Brown and Forsythe 1974) . Temperature thresholds for xylogenesis were computed using a logistic regression based on the binary response of cambial activity for each tree ( Deslauriers et al. 2008) , and then compared by year and by site using a one-way analysis of variance (ANOVA) after checking assumptions of normality and homoscedasticity. Fitted individual Gompertz functions were transformed into a binary variable, coded '0' for dates prior to xylogenesis onset and '1' for dates following the onset ( Rossi et al. 2007) . The logistic regression model can be written as:
with π x being the probability of active xylogenesis at a given temperature x on a given day j, and β 0 and β 1 the intercept and slope of the regression ( Hosmer et al. 2013) . Thresholds for xylem production were defined for a probability of active cambium = 0.5, thus when Logit(π x ) = 0 and therefore, x = −β 0 /β 1 . Temperature thresholds were computed for each tree using mean, maximum and minimum values, and then compared by year and by site using a one-way ANOVA after checking assumptions of normality and homoscedasticity. We tested interactions between environmental variables and their effects on the onset of wood formation in the spring using a multiple logistic regression model based on the binary response of cambial activity. Since we focused on factors affecting the early stages of xylem differentiation (e.g., onset of
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Tree Physiology Online at http://www.treephys.oxfordjournals.org enlargement phase), we considered the period from 1 May to 31 July in order to include soil thaw in May and the warmest month of July, while avoiding possible confounding effects of August precipitation. To account for large differences in variance, climatic variables were normalized to zero mean and unit standard deviation. The equation for multiple logistic regression with interactions can be written as (modified from Jaccard 2001):
where x, y, …, z are the n individual variables (or 'main effects') on a given day j, β 0 is the regression intercept, β 1 , β 2 , …, β n are the regression coefficients for the n main effects, while α 1 , …, α p are the regression coefficients for the p possible combinations of first-order interactions X i between individual variables (e.g., x j y j , x j z j and y j z j ). The exponent of the coefficients of a multiple logistic regression equals a multiplicative factor by which the predicted odds of success/failure change given a one-unit increase in the predictor variable, holding constant all other predictor variables (and their interactions) in the model ( Jaccard 2001) . The odds for our dependent variable, i.e., xylogenesis ('1' for active and '0' for 'inactive'), to be influenced by interaction between a main predictor and another variable are given by the product between the odds of the main predictor and the interaction parameter ( Jaccard 2001) . The selection of variables to be included in the multiple logistic regression model proceeded by first retaining average values because of multicollinearity between daily series of mean, maximum and minimum values of the same variable (Table 1) . Variables highly correlated (r > 0.85) with air and/or soil temperature were similarly discarded. We then performed a hierarchical partitioning analysis ( Chevan and Sutherland 1991) using the hier.part package ( Walsh and Mac Nally 2013) for the R software environment ( R Development Core Team 2015). Variables explaining >90% of cumulated variance were retained, and the best multiple logistic regression model was selected using the automated procedure provided by the R package glmulti ( Calcagno and de Mazancourt 2010) . The model was constrained to consider main effects and first-order interactions (i.e., between two main effects) while enforcing the marginality rule, which requires models containing significant interactions to include also the variables that formed those interactions regardless of their statistical significance ( Cederkvist et al. 2007 ).
Results
The average annual air temperature was lower in 2013 than in 2014 (see Table S2 available Table S2 available as Supplementary Data at Tree Physiology Online), whereas summer (July-September) precipitation was more abundant in 2014 (43% of annual total) than in 2013 (25% of annual total). Spring (April-June) was slightly wetter in 2013 than in 2014. Annual mean temperature of the upper (Ts5 mean ) and lower (Ts50 mean ) soil layers changed little during the 2 years (see Table S2 available as Supplementary Data at Tree Physiology Online), while during summer, Ts5 mean was on average 1.5 °C higher than Ts50 mean . Mean soil temperature departed from the long-term winter average (0.57 °C in 2013, 0.47 °C in 2014) in the first week of May 2013, and ∼2 weeks later in 2014 (Figure 2) . Average spring temperature of the top soil was, therefore, cooler in 2014 (Ts5 mean = 5.8 °C) than in 2013 (Ts5 mean = 6.7 °C), while air temperature was similar (T mean = 3.6 °C in 2013 and 3.5 °C in 2014). Snow disappeared during the last week of May in both years (Figure 3 , Video S1 available as Supplementary Data at Tree Physiology Online). Soil water content (SWC) was rapidly replenished by atmospheric precipitation (Figure 2) , and just as rapidly lost in a few days. In both years, the average volumetric water content was ∼15% in spring, and decreased to ∼10% in the summer.
Based on the analysis of 208 microcores, onset of xylem production ( Figure 4 , Table 2 ) occurred at the beginning of June 2013 at both sites (DOY 153 and 154 at SSL and SSH, respectively), while in 2014, it was delayed by ∼1 week (DOY 159 at SSL and DOY 163 at SSH). During both years, cambial division at breast height was preceded by a gradual expansion (rehydration) of the stem in late April-early May. Such stem enlargement followed the cold-season stem shrinkage, and did not imply production of new cells ( Figure 5 ). The first cells undergoing deposition of secondary wall appeared in the last week of June (Table 2 ). The maturation phase started in mid-July in 2013 (DOY 197 at SSL and DOY 200 at SSH) , and ∼2 weeks earlier in 2014 respectively, at SSL and SSH) . The formation of new cells continued until the last week of August, with large individual variability ( Table 2 ). The production of new cells undergoing deposition of secondary wall ended shortly after, between the end of August and the beginning of September, with a difference of 4-10 days between the two groups of trees. Complete maturation of all woody cells occurred earlier at SSL, around 9 September 2013 (DOY 253 ± 27) and 16 September 2014 (DOY 260 ± 23). At SSH, xylogenesis ended around 18 September in both years (DOY 262 ± 19 in 2013 and 262 ± 17 in 2014) ( Table 2 ). The maximum growth rate was reached on 24 and 23 June 2013 at SSH and SSL, respectively, and with a few days of delay in 2014 (30 June at SSH and 28 June at SSL) (Figure 4) . Xylogenesis start and end dates (see Figure S2 available as Supplementary Data at Tree Physiology Online) did not differ between sites or years.
The growing season for the lower tree group (SSL) lasted 100 ± 32 days in 2013, and 101 ± 26 days in 2014. For the higher tree group (SSH), completion of the annual ring took 
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Tree Physiology Online at http://www.treephys.oxfordjournals.org slightly longer in 2013 (108 ± 28 days), but not in 2014 (100 ± 21 days). The start and end dates of xylogenesis were independent of each other (Figure 6a ). The overall duration of wood production (Figure 6b and c) correlated with its start (r = −0.63; P < 0.001) and even more with the end of the growing season (r = 0.92; P < 0.001). The estimates of parameter k (rate of change) in Gompertz functions were correlated linearly with the onset of xylogenesis (r = 0.5; P < 0.01) (Figure 6d ) and nonlinearly with the duration of cellular division (Figure 6e) . Consequently, the number of cells forming the tree rings was inversely related to the rate of change of the Gompertz function (r = −0.46; P < 0.01) (Figure 6f) .
Mean, maximum and minimum air temperature thresholds at which xylogenesis had a 0.5 probability to occur were averaged by site and by year (Table 3, Figures S3 and S4 available as Supplementary Data at Tree Physiology Online). In 2013, the thresholds for mean air temperature (T mean ) were lower than in 2014, although not significantly so (ANOVA, F = 0.396, P = 0.756). The temperature thresholds computed for maximum and minimum temperature were slightly lower at SSH than at SSL in 2013, and about the same in 2014 (Table 3 ), but such differences were not significant. Daily minimum and maximum air temperature (T min and T max ), upper soil temperature (Ts5 min and Ts5 max ), lower soil temperature (Ts50 min and Ts50 max ) and barometric air pressure (BarPres) had high linear correlation (r > 0.85) with other variables, in particular T mean . Thus, these variables were excluded from the initial candidate predictors for multiple logistic regressions. After hierarchical partitioning analysis, five variables explained the highest proportion of variance (Table 1) , namely Ts50 mean (25.7%), SWC (24.3%), Ts5 mean (20.3%), T mean (12.3%) and VP (8.5%).
About 1500 models were tested by the glmulti function before converging to the final one. Since no significant differences emerged between sites or years concerning phenological dates or temperature thresholds, we present only results obtained by pooling together years and sites. The multivariate logistic model included five main predictors and five of their pairwise interactions (Table 4, Figure 7) . Because of the marginality rule, not all the individual effects (in particular Ts5 mean and VP) were significant. Mean air temperature had an odds ratio of 3.4, meaning that an increase of 1 °C in temperature corresponded to a 3.4-times higher odds of xylogenesis if all other variables were held constant at their mean. Vapor pressure strengthened the effects of mean air temperature on xylogenesis, since an increase of 1 kPa in VP would increase 10 times the odds of xylogenesis for any additional unit of T mean (Table 4 , Figure 7a ). Soil temperature at 50-cm depth (Ts50 mean ) also had a high effect on xylogenesis, increasing the probability of wood production by ∼14 times per °C increase. Interactions with soil temperature near the surface (Ts5 mean ) and soil moisture (SWC) reduced the odds of having xylogenesis when soil Table 3 . Average, minimum and maximum air (T, °C) and soil (Ts50, °C) temperature thresholds (±SD) for a probability of P = 0.5 of xylogenesis in the two groups of bristlecone pines (SSH and SSL) at the Snake Range Subalpine West site of the NevCAN mountain observatory. Ts50 mean  Ts50 min  Ts50 max 2013 SSH 6.0 ± 3.4 1.7 ± 3.4 11.4 ± 3.6 9.3 ± 3.9 4.6 ± 3.0 14.5 ± 5.0 SSL 7.1 ± 3.6 2.8 ± 3.7 12.6 ± 4.0 10.3 ± 4.3 5.2 ± 3.3 16.0 ± 5.6 2014 SSH 7.7 ± 1.9 3.4 ± 1.9 13.1 ± 2.2 10.7 ± 2.1 5.6 ± 1.7 16.1 ± 2.7 SSL 7.5 ± 2.4 3.2 ± 2.4 12.9 ± 2.7 10.4 ± 2.7 5.4 ± 2.2 15.7 ± 3.6 
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Tree Physiology Online at http://www.treephys.oxfordjournals.org temperature increased (Figure 7c ). Soil water content interacted negatively with both T mean and Ts50 mean , steeply reducing their associated odds of xylogenesis (Figure 7b and d) . Despite VP having no significant effect, an increase of 1 kPa in VP would double the odds of having wood production for a one-unit increase in SWC (Figure 7e ). Some of these relationships are likely to be affected by seasonal trends; for instance, VP increased from spring to summer, while soil moisture decreased in the same period. No significant interaction emerged between air (T mean ) and soil temperature (Ts5 mean or Ts50 mean ); the interaction term T mean : Ts50 mean was present in <40% of all models simulated by the glmulti function (see Figure S4 available as Supplementary Data at Tree Physiology Online), and the interaction T mean : Ts5 mean was even less frequent (<30% of models).
Discussion
We investigated the phenology of xylem formation for P. longaeva, the tree species attaining the greatest stem age in the world, in order to shed light on mechanisms that control cambium activity in the spring near treeline in the Great Basin. Direct observations of conifer xylogenesis in natural conditions are rather new in the southwestern USA ( Ziaco et al. 2014b, Hallman and Arnott 2015) . A few previous studies focused on anatomical features ( Connor and Lanner 1990) , showing that xylem anatomy (e.g., tracheid size) in bristlecone pines as old as 4000 years was not different from those of younger individuals. A lack of age-dependent changes in P. longaeva wood formation is also the reason why tree-ring chronologies of this species can be calculated without prior removal of a biological trend (e.g., Salzer et al. 2009 ). The start and end dates of xylem production varied between trees, especially for the latter (Table 2) . We found that enlarging cells in the cambial zone were formed until the last week of August, for a total of 84-87 days in 2013, and 74-77 days in 2014. This result supported past observations of bristlecone pine bud phenology ( LaMarche and Stockton 1974), which suggested active growth until late August-early September. In the White Mountains of California, P. longaeva cambial activity has been found to start later and to last for a significantly shorter period (52-53 days) ( Fritts 1969, Hallman and Arnott 2015) . Such phenological differences may be linked to topography, since the White Mountains study site is located on a valley floor at an elevation of 3200 m a.s.l. Our study area is higher in elevation and on an exposed mountain side, but the White Mountains site experiences snow accumulation ( Hallman and Arnott 2015) , and delayed melting of the snowpack usually shortens the duration of the growing season for bristlecone pine ( LaMarche and Stockton 1974) .
Maximum growth rates at our study sites were reached ∼1 month after the onset of xylem production, when the total incoming solar radiation was at its highest yearly value ( Figure 2 ), in concomitance with the summer solstice. Such a pattern of radial growth is typical for conifers growing in cold environments ( Rossi et al. 2006b) , where the highest rates of cellular division occur earlier than the warmest period, which in the Great Basin also corresponds to the highest drought stress. This timing allows for the complete maturation of cells, as a sufficient amount of lignin deposition occurs before the beginning of winter ( Rossi et al. 2006b ). In our study, trees showing a delayed onset of active cellular division were the ones with the highest rate of cell production and the lowest number of cells forming the ring. In other words, late starters grew faster than the early ones, thereby benefiting from an adequate amount of time to complete the maturation of newly formed tracheids, even at the cost of smaller rings, especially at the higher site (SSH).
The multiple logistic model included three thermal variables (T mean , Ts5 mean and Ts50 mean ) and two moisture ones (SWC and VP). Among the main predictors, T mean , Ts50 mean and SWC had a significant individual effect on xylogenesis, while Ts5 mean and VP had a modulating effect on the other three variables. Threshold values of T mean fell within the thermal ranges identified by Körner and Paulsen (2004) to define the position of treeline on a global scale, and agreed with other studies conducted on high-elevation conifers in the Alps, such as Pinus cembra L. ( Gruber et al. 2009 ), Larix decidua Mill. and Picea abies (L.) Karst. ( Rossi et al. 2007) , as well as on Pinus leucodermis Ant. in the southern Apennines ( Deslauriers et al. 2008) . Deep soil temperature (Ts50 mean ) thresholds for cambial activity were 2.9-3.2 °C higher than those for air temperature. Since deep soil temperature increased the probability of cambial activity more than shallow soil temperature (Ts5 mean ), our findings support the hypothesis that a large portion of the root system must be heated in spring in order to reactivate cambium division after winter dormancy, as demonstrated for P. abies ( Treml et al. 2015) . Soil warming could affect cambial activity in the roots ( Thibeault-Martel et al. 2008) or promote the production of Table 4 . Coefficients (log[odds]), odds (in parentheses are the 95% confidence intervals) and Wald-test χ 2 statistic for the multiple logistic regression model used to investigate environmental drivers of bristlecone pine cambial reactivation. ***P < 0.001; **P < 0.01; *P < 0.05. hormones ( Aloni et al. 2006) , which would enhance the sensitivity of the vascular cambium to the external environment ( Nieminen et al. 2008) . Soil thawing during spring plays a key role on plant physiological processes, in particular on water and nutrient uptake by the roots and, consequently, on tree growth ( Jarvis and Linder 2000, De Barba et al. 2015) . Warmer soils directly influence the availability of liquid water ( Alvarez-Uria and Körner 2007), root water uptake and the onset of sap flow in the stem ( Repo et al. 2008) . At the Snake Range, dendrometer traces in late April and May overlapped the daily time series of deep soil temperature ( Figure 5) ; hence, plant-soil water exchanges were driven by soil temperature rather than by water content, at least before cambial reactivation at breast height. Stem size variations at the beginning and at the end of the growing season were not closely related to the production of new tracheids, as dendrometers are unreliable for determining the phenological phases of cambial activity ( Mäkinen et al. 2003 , E. Ziaco and F. Biondi, submitted for publication). On the other hand, since cambial phenology can normally be observed only on a restricted portion of the stem (i.e., at breast height), dendrometer traces can reveal when hydraulic activity in the entire tree begins anew, most likely in conjunction with photosynthesis, and cambial reactivation in the upper portion of the crown ( De Swaef et al. 2015) .
The processes of cellular division and expansion are highly sensitive to decreasing water potential ( Savidge 2001 . Water availability is also important for cambial resumption and xylem differentiation ( Camarero et al. 2010 , as it contributes to maintain the adequate stem hydration and cellular turgor ( Turcotte et al. 2009 ). Soil water content at our sites constantly decreased from late spring to early summer. Since precipitation can be sporadic or absent in May-June, SWC in those months becomes an indirect measure of how quickly the snowpack melts. As a consequence of the negative seasonal trend in soil moisture, SWC had a direct link with the probability of xylogenesis. When SWC is at its highest level (∼30%), right after snowpack melting, both air and soil temperature are still too low for cambial division. As soil moisture decreased during the year, reaching the average summer value of ∼15%, the probability of having wood production increased if moisture was supplied by VP ( Oberhuber 2004) , as shown by positive odds for the interaction between air temperature and VP.
Cambial reactivation in spring starts before the production of the first enlarging tracheid ( Savidge 2001) , from a few days up to several weeks in P. abies ( Treml et al. 2015) , and usually before bud opening in bristlecone pine ( Hallman and Arnott 2015) . Temperature has a fundamental role in driving the dynamics of cambial activity ( Oribe and Kubo 1997 , Oribe et al. 2001 , Deslauriers et al. 2008 , Seo et al. 2008 , Gruber et al. 2010 , Lenz et al. 2013 . Heat-induced reactivation of the cambium has been observed only for the heated part of the plant in Norway spruce ( Gričar et al. 2006) , confirming the nontransferability of temperature along the stem ( Barnett and Miller 1994) . This finding would suggest a prevailing control of air temperature rather than soil warming on the reactivation of cambium, at least in the short term. In an experimental plot where soil temperature was artificially raised by 4 °C for three consecutive years, Lupi et al. (2012) found no significant variations in cambial phenology or cell production in stems of P. mariana. Similar results were obtained during a 6-year soil warming and canopy nitrogen fertilization experiment ( Dao et al. 2015) . Nevertheless, comparative studies suggest that multiple factors might be involved in the reactivation of cambial tissues in spring ( Oribe et al. 2001) . At the treeline ecotone in the Alps, soil temperature contributes to the onset of xylogenesis ( Gruber et al. 2009 , Treml et al. 2015 . At our sites, considering that warmseason precipitation occurs mostly during late summer, SWC in the late spring could be more easily recharged when warmer deep soils speed up soil thawing, providing trees with enough moisture to maintain cellular turgor during the initial phases of cambial division.
The treeline ecotone is a climate-sensitive environment ( Körner and Paulsen 2004) , where photoperiod and temperature are the main regulators of cambial activity and dormancy ( Fromm 2013) . At the same time, climate-growth relationships and ecological processes are influenced by disturbances (e.g., frost events; Treml et al. 2015) , geomorphology and local site topography ( Butler et al. 2007) . As an example, bristlecone pine tree rings are sensitive to air temperature ( Salzer et al. 2009 ), but dendroclimatic relationships can rapidly change over short distances according to changes in microclimate ( Salzer et al. 2014) . Our cellular phenology results did not suggest different climatic responses between the SSH and SSL trees, and the importance of photoperiod was supported by the negative correlation between rate of cell production (parameter κ of the Gompertz function) and the overall duration of the enlargement phase.
Water controls carbon consumption by modulating the internal movement and rate of utilization of nonstructural carbohydrates, eventually triggering mechanisms of carbon starvation and/or hydraulic failure that lead to plant death ( Sevanto et al. 2014) . Pines generally behave as isohydric plants ( Martínez-Vilalta et al. 2004) , which means that they are able to preserve leaf water potential after stomatal closure ( Plaut et al. 2012) . In order to maintain transpiration below a critical level, isohydric species tend to reduce stomatal conductance at the expense of CO 2 absorption, possibly limiting nonstructural carbohydrate production ( Woodruff et al. 2015) . Subfossil and modern bristlecone plant material in the Snake Range have revealed that stomatal conductance and maximum photosynthetic capacity have decreased since the last glacial maximum (∼21,000 years ago), suggesting that P. longaeva was more competitive when both temperature and atmospheric CO 2 were lower ( Becklin et al. 2014) . Increasing atmospheric CO 2 concentration, coupled with more frequent drought episodes and heat waves ( Cook et al. 2015) , could, therefore, reduce the temporal window available to bristlecone pine for wood growth. While our study did not show any significant difference in cambial phenology driven by interannual climatic variations, a shortening of the active growing season in the Snake Range has been observed for limber pines (P. flexilis) exposed to higher levels of summer drought and heat stress (E. Ziaco and F. Biondi, submitted for publication).
Conclusion
In bristlecone pine stands near the Great Basin treeline, both air and soil temperature are important drivers for the spring onset of cambial reactivation and stem xylogenesis. The influence of air and deep soil temperature was enhanced (or diminished) by the interaction with VP, SWC and shallow soil temperature. In the mountain 'sky islands' of the arid to semi-arid American West, moisture availability is linearly correlated with elevation, and yet the treeline ecotone in this region is prone to drought stress, especially in late spring. While air temperature plays a key role in cambial resumption after winter dormancy, soil thermal conditions coupled with snowpack dynamics influence the onset of wood formation by regulating water availability. Our results help build a physiological understanding of climate-growth relationship in P. longaeva, one of the most important species for dendroclimatic reconstructions. In addition, environmental drivers of xylogenesis near the treeline ecotone, by controlling the growth of foundation species, ultimately determine ecosystem responses to climatic change.
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